Summary. The 
Introduction
High levels of carnitine (up to 60 mM) are found in the excurrent duct system of the male rat (Marquis & Fritz, 1965; Brooks, Hamilton & Mallek, 1974) and several other species (Casillas, 1972) . Particularly in the rat, but also in other species, most of the carnitine occurs in the luminal fluid of the epididymis (Marquis & Fritz, 1965; Brooks et al, 1974; Hinton, Snoswell & Setchell, 1979) . Nevertheless the concentration of carnitine plus acetylcarnitine within spermatozoa is substantial, being of the order of 40-100 mM Brooks, 1979) .
The acetylation state of carnitine within spermatozoa can be markedly influenced by a variety of exogenous substrates (Casillas & Erickson, 1975; Milkowski, Babcock & Lardy, 1976 ; Van Dop, . Furthermore, acetylcarnitine can act as a ready source of oxidizable acetyl units for spermatozoa (Storey & Keyhani, 1974; Hutson et al, 1977) in addition to acting as a buffer for acetyl CoA levels (Casillas & Erickson, 1975) . In the absence of a glycolysable substrate, spermatozoa can also oxidize fatty acids liberated from endogenous choline plasmalogen (Hartree & Mann, 1959 , 1961 , presumably involving carnitine as a cofactor. At least two carnitine acyltransferases are involved in the formation of fatty-acyl carnitine. Carnitine acetyltransferase (EC 2.3.1.7) catalyses the formation and utilization of acetylcarnitine and esters of other short-chain fatty acids, whereas carnitine palmitoyl¬ transferase (EC 2.3.1.21) is required for the formation of long-chain fatty-acyl carnitine and thereby facilitates the transport of long-chain fatty-acids into the mitochondrion to the site of ß-oxidation.
Despite the apparent importance of carnitine in sperm metabolism, measurements of carnitine and acetylcarnitine in seminal plasma have been made only in the monkey and man (Frenkel, Peterson, Davis & Freund, 1974; Casillas & Erickson, 1975: Lewin, Beer & Lunenfeld, 1976;  Kohengkul, Tanphaichitr, Muangmun & Tanphaichitr, 1977; Wetterauer & Heite, 1978; Suter & Holland, 1979) . Some estimates of the activities of the carnitine acyltransferases have been made in rat and human spermatozoa (Marquis & Fritz, 1965; Geer, Kelley, Pohlman & Yemm, 1975; Brooks, 1978; Böhmer, Johansen & Kjekshus, 1978) , but due to differences in the assay procedures and the manner of expressing the results, it is difficult to make direct comparisons between these reports. The present work was undertaken to extend the observations which have been made on men and rats, to explore the role of carnitine and acetylcarnitine in seminal plasma, and to examine whether the respiratory activity of spermatozoa is related to their content of the carnitine acyltransferases or of carnitine plus acetylcarnitine. (Blackshaw, 1954) and from 3 men (2 of proven fertility) by masturbation. Human semen was allowed to liquefy (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) min at room temperature) before further treatment. Rat spermatozoa were recovered from the epididymis as described by Brooks (1978) .
Seminal plasma and spermatozoa were separated by centrifugation of semen for 2-5 min at 10 000 g in a Microfuge (Beckman Instruments Ltd, Palo Alto, California, U.S.A.). Two volumes of 10% (w/v) trichloroacetic acid were added to the seminal plasma to precipitate proteins.
To obtain spermatozoa for study, semen was diluted with 1-3 volumes of 0-15 M-NaCl which was then layered over a Ficoll medium and centrifuged as described by Harrison (1976) . For enzyme assay the supernatant was rapidly aspirated and the tube containing the sedimented spermatozoa was frozen until required. For the determination of intracellular carnitine and acetylcarnitine, the supernatant was largely removed but the spermatozoa were resuspended in the Ficoll medium (0-5 ml total volume), sometimes aided by gentle shaking of the tube. About 10 min after resuspension, 1 ml 10% trichloroacetic acid was added and the precipitated material was removed by centrifugation at 1500 g and 2°C for 10 min.
Excess trichloroacetic acid was removed from deproteinized extracts by 6 extractions with an equal volume of water-saturated ether. Excess ether was then removed from the samples under a stream of N2.
Carnitine was measured as described by Marquis & Fritz (1964) and acetylcarnitine by the procedure of Pearson & Tubbs (1964) as modified by Pearson (1965) . Carnitine acetyltrans¬ ferase and carnitine palmitoyltransferase were extracted and assayed as described by Brooks (1978) except that their activity was determined in the total homogenate rather than in the 600 g supernatant. Enzyme activity was expressed as units/109 spermatozoa, where a unit is defined as estimated by measuring the absorption of the diluted suspension at 650 nm in a spectrophotometer and then using an equation derived from a previous calibration against haemocytometer counts (Bishop, Campbell, Hancock & Walton, 1954) .
Results
The level of total carnitine (i.e. carnitine + acetylcarnitine) was about 10 times greater in the seminal plasma of rams compared with that of men (Table 1) but the proportion present as acetylcarnitine was similar. For ram semen, the level of total carnitine in the seminal plasma was highly correlated with the sperm density (Text- fig. 1 ). The amounts of carnitine and acetylcarnitine were similar in human and ram spermatozoa ( Table 1 fig. 2 ). It was assumed that the spermatozoa contained in this sample of semen were metabolically active as they demonstrated excellent wave motion when observed under lowpower magnification.
In the spermatozoa of all species examined, the activity of carnitine acetyltransferase was similar to that of carnitine palmitoyltransferase (Table 1 ). There was, however, a difference in the degree of binding of these eznymes within the spermatozoa. Despite the fact that these spermatozoa had been frozen and thawed, treated with detergent and then sonicated, only 20% of the carnitine palmitoyltransferase was recovered in the supernatant (600 g, 10 min) from ram spermatozoa and 50% from human spermatozoa, whereas 75% or more of the carnitine acetyltransferase was released by this treatment. Due to the incomplete release of activity, measurements of the carnitine acyltransferases were made using the complete homogenate.
Discussion
The amount of carnitine plus acetylcarnitine found in human and ram spermatozoa in this study is similar to that found in other species (Casillas, 1972 (Casillas, , 1973 Brooks et al, 1974; Casillas & Erickson, 1975; Milkowski et al, 1976; Van Dop et al, 1977) . Despite the similarity of the content of carnitine plus acetylcarnitine in human and ram spermatozoa, the concentration of these two substances in seminal plasma is about 10 times greater for the ram than man (Table 1) . Since ejaculated spermatozoa are derived only from the ductus deferens and epididymis, the direct correlation between the concentration of carnitine plus acetylcarnitine in seminal plasma and the concentration of spermatozoa in ram ejaculates (Text- fig. 1 ) suggests that the ductus deferens and epididymis are also the sole source of seminal carnitine. This was confirmed by the lack of carnitine in semen collected from vasectomized rams. Similarly, in the rat the epididymis is probably the only source of carnitine for the ejaculate because the levels of carnitine in the seminal vesicle, coagulating gland and prostate are low (Brooks et al., 1974; Brooks & Mclntosh, 1975) and what little carnitine they contain may be associated with the tissues themselves rather than with their secretions. In men, however, there is little correlation between sperm numbers and the concentration of carnitine in seminal plasma (Wetterauer & Heite, 1978; Suter & Holland, 1979) , and the concentration of carnitine in the seminal plasma of vasectomized men is only half that of normal males (Frenkel et al, 1974) . This indicates a substantial contribution of carnitine to the seminal plasma of men by accessory glands other than the epididymis.
As the concentration of carnitine in the seminal plasma of a sample of ram semen remained constant for at least 45 min after ejaculation, it can be assumed that the plasma carnitine did not arise by leakage from the spermatozoa. Moreover, although the ejaculate contained highly active spermatozoa, there was no change in the concentration of acetylcarnitine in the seminal plasma. This indicates that the spermatozoa were not using this extracellular acetylcarnitine as an energy substrate. The acetylation state of carnitine (40%) in ram seminal plasma can therefore be taken as equivalent to that which exists within the epididymis, unless major changes had occurred within the short period (1-5 min) after the mixing of the epididymal contents with the secretions of the other accessory glands at ejaculation but before the first sampling. By comparison, the acetylation state of carnitine within the luminal fluid of the rat epididymis has been estimated to be 10% (Brooks et al, 1974) .
In contrast to ejaculated spermatozoa, epididymal spermatozoa are considerably more permeable to carnitine, especially those spermatozoa recovered from more proximal regions of the duct (Casillas, 1973) . Within these regions of the epididymis an equilibrium of carnitine and acetylcarnitine could be expected to form between the spermatozoa and the surrounding fluid. A low acetylation state of carnitine within the epididymal fluid would then buffer the acetyl CoA of spermatozoa at a low level (Casillas & Erickson, 1975) and this might be a factor contributing towards the restricted metabolic activity of spermatozoa which is presumed to exist within the epididymis.
Carnitine acetyltransferase is particularly active in spermatozoa compared with other tissues (Marquis & Fritz, 1965; Brooks, 1978) and spermatozoa can readily use intracellular acetylcarnitine as a source of energy (Milkowski et al., 1976 (Hamilton & Olson, 1976) but is enhanced by a corresponding addition to epididymal spermatozoa (Casillas, 1972) . Furthermore, the mitochondria of rabbit epididymal spermatozoa appear to lack the outer carnitine palmitoyltransferase, since they can oxidize palmitoylcarnitine but not palmitoyl CoA in the presence of carnitine (Storey & Keyhani, 1974 Peterson & Freund, 1968; Eliasson, 1970) . Moreover, the activity ofthe carnitine acyltransferases is considerably greater in the spermatozoa of rats than in those of men and rams, yet the respiratory rate of rat spermatozoa (7 ul O2/108 spermatozoa per h at 25°C; Brooks, 1978) 
